We study quantum quench dynamics in the Fermi-Hubbard model, and its SU(N ) generalizations, in one-dimensional lattices in the limit of infinite onsite repulsion between all flavors. We consider families of initial states with generalized Neel order, namely, in which there is a periodic N -spin pattern with consecutive fermions carrying distinct spin flavors. We introduce an exact approach to describe the quantum evolution of those systems, and study two unique transient phenomena that occur during expansion dynamics in finite lattices. The first one is the dynamical emergence of Gaussian one-body correlations during the melting of sharp (generalized) Neel domain walls. Those correlations resemble the ones in the ground state of the SU(N ) model constrained to the same spin configurations. This is explained using an emergent eigenstate solution to the quantum dynamics. The second phenomenon is the transformation of the quasimomentum distribution of the expanding strongly interacting SU(N ) gas into the rapidity distribution after long times. Finally, we study equilibration in such systems and show that observables after equilibration are described by a generalized Gibbs ensemble. Our approach can be used to benchmark analytical and numerical calculations of dynamics of strongly correlated SU(N ) fermions at large U . :1903.10521v1 [cond-mat.quant-gas] 
I. INTRODUCTION
Nonequilibrium dynamics of isolated many-body quantum systems is currently one of the most active research fields in many-body quantum physics [1] [2] [3] . A special class of systems, called integrable systems, represent an important cornerstone in this field [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . They possess an extensive number of (quasi-local) conserved quantities, and after equilibration expectation values of fewbody observables can be described by generalized Gibbs ensembles (GGEs) [10, 15] . Several experimental groups have been exploring many-body quantum dynamics with ultracold atoms close to integrability [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
In this work we study the paradigmatic onedimensional (1D) Fermi-Hubbard model [26] and its generalized 1D SU(N ) versions [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The Fermi-Hubbard model is a minimal model used to describe correlated electrons in solids, and provides an accurate description of ongoing experiments with ultracold fermions in optical lattices [42] . After early theoretical studies of quantum quenches in the Fermi-Hubbard model in dimensions higher than one [43] [44] [45] [46] [47] [48] , recent works have focused on quantum quenches in the 1D Fermi-Hubbard model [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] , which is a quintessential integrable model [26] .
We introduce an exact approach to study quantum dynamics of 1D SU(N ) fermions, of which the Fermi-Hubbard model is the N = 2 case, in the limit of infinite onsite repulsion. A key requirement of our approach is the states of which we study the quantum evolution to have consecutive impenetrable SU(N ) fermions with different spin flavors. In those configurations, impenetrable SU(N ) fermions are distinguishable in the sense that the spin order is preserved for all times, i.e., one can think of them as distinguishable quantum particles. This allows us to use spin-charge separation to treat the charge degrees of freedom as spinless fermions, and the spin degrees of freedom by means of nonlocal strings of operators acting on spinless fermion wavefunctions. Using this decomposition, we develop an efficient (polynomial-time) way to compute one-body correlations. The ideas behind this approach were recently used to describe equilibrium properties of impenetrable 1D SU(N ) fermions [63] , and can be viewed as a fermionic generalization of the Jordan-Wigner transformation, which maps spin-1/2 models onto spinless fermions [64, 65] . We focus on dynamics of states that, in addition of having consecutive fermions with distinct spin flavors, have periodic N -spin patterns that we call generalized Neel orders.
As a first application of our approach, we study the expansion ("melting") of generalized Neel domain walls such as the one shown in Fig. 1 for the SU(2) case. This type of setup has been widely studied in the literature, in particular for lattice models without internal degrees of freedom . We show that the resulting currentcarrying state exhibits a dynamical emergence of one-body correlations with a Gaussian decay. These correlations resemble the ones in the ground state of the same model, constrained to the same spin configurations [63] . We explain this observation using an emergent eigenstate solution to quantum dynamics [87] , combined with the local density approximation.
As a second application, we study the expansion of harmonically trapped SU(N ) fermions after the sudden turn off of the trap. Those quenches provide a fertile playground to unveil remarkable properties of correlated many-body systems [23, 51, 53, 58, 70, 87, [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] . They can be viewed as nontrivial time-of-flight expansions that occur in a lattice in the presence of interactions. Here we demonstrate that, during the expansion, the quasimomentum distribution of impenetrable SU(N ) fermions evolves into the rapidity distribution, which is the initial quasimomentum distribution of the underlying spinless fermions to which the impenetrable SU(N ) fermions are mapped. Transformations of quasimomentum distributions of expanding fermions into rapidity distributions have been previously discussed in the context of the Fermi-Hubbard model [53, 58] .
As a final application of our approach, we study the equilibration dynamics of SU(N ) fermions in a box trap. In that case, the quasimomentum distribution function after equilibration is described by means of a GGE in which the conserved quantities are the occupations of the single-particle eigenstates of the underlying spinless fermions to which the impenetrable SU(N ) fermions are mapped. This allows us to show the applicability of the GGE to integrable multiflavor fermionic systems with infinite onsite repulsion.
In addition to studying phenomena of relevance to current experiments with ultracold quantum gases, the approach introduced here can also be used to benchmark analytical and numerical calculations of quantum dynamics of strongly correlated SU(N ) fermions at large U , and specifically of the integrable SU(2) Fermi-Hubbard model. Quantum dynamics of integrable models nonmappable onto noninteracting ones have proved challenging. Analytic progress has been made in the context of the spin-1/2 XXZ chain, for which exact steady state properties have been obtained for some classes of initial states either using special properties of those states (e.g, within the quench action approach [9, [115] [116] [117] [118] [119] [120] and the quantum transfer matrix formalism [121, 122] ), or using the (quasi-local) conserved quantities of that model [123] [124] [125] [126] [127] [128] [129] . More recently, interest has grown in understanding systems with internal degrees of freedom, so-called nested systems, such as the Fermi-Hubbard model. In those systems, exact steady state properties can also be obtained for a few classes of initial states. Examples include the two-component Lieb-Liniger gas [130, 131] , the Fermi-Hubbard model [53, 58, 61] , and the Lai-Sutherland model [132] [133] [134] . Nevertheless, their dynamics remains widely unexplored, and a systematic study of the GGE in such systems remains challenging due to difficulties in obtaining the complete set of conserved quantities.
The presentation of our results is organized as follows. In Sec. II, we introduce the nonequilibrium setup and the exact approach used to describe quantum dynamics after quenches. We then discuss two applications to transient phenomena: we study the melting of generalized Neel domain walls in Sec. III, and the sudden expansion of initially trapped systems in Sec. IV. In Sec. V, we discuss equilibration to the GGE. A summary of our results is presented in Sec. VI.
II. SETUP AND QUANTUM DYNAMICS
Here, we discuss general considerations about the systems studied and introduce the exact approach developed to describe their dynamics.
A. Distinguishable quantum particles
We consider a generalized 1D Fermi-Hubbard model for SU(N ) fermions, N being the number of flavors, with infinite onsite repulsion. For open chains with L sites, on which we focus in this study, the Hamiltonian can be written aŝ
where σ is the spin flavor (σ ∈ {1, · · · , N } in our notation). The traditional Fermi-Hubbard Hamiltonian corresponds to N = 2. Infinite onsite repulsion is enforced by the constraintsf
l ) is the creation (annihilation) operator of a fermion with flavor σ at site l. We set the hopping amplitude J and the lattice spacing to unity.
An important property of HamiltonianĤ N , which is a consequence of infinite onsite repulsion, is that it preserves the order of spin flavor configurations σ = {σ 1 , ..., σ Np }, where σ j ∈ {1, ..., N }, and N p is the number of particles. In a sector with σ, any wavefunction in the occupation number basis is a linear combination of base kets |ϕ x,σ = Np j=1f (σj ) † xj |∅ , where every base ket denotes a different set of occupied sites x = {x 1 , ..., x Np }, with x j ∈ {1, ..., L} and x 1 < x 2 < ... < x Np .
Here we are interested in quantum dynamics of initial states with a given spin configuration σ. The most general states for which our approach is applicable are states with σ such that every pair of consecutive fermions carries distinct spin flavors
We call the impenetrable SU(N ) model governed bŷ H N (1), constrained to a single spin configuration σ that obeys Eq. (2), a model of distinguishable quantum particles (DQPs).
In the SU(2) case, the DQP model is the traditional Fermi-Hubbard model within the sectors with states that have alternating spin flavors. An example of such an spin ordering is shown in Fig. 1(a) . In the SU(N ) case with N > 2, different realizations of spin configurations satisfying Eq. (2) are possible. For simplicity, we focus on periodic N -spin patterns with consecutive fermions carrying distinct spin flavors, as described by
(3) which we call generalized Neel order for SU(N ) particles.
B. Spin-charge decomposition
Our main goal is to calculate nonequilibrium properties of spin-resolved one-body correlations C σ l (x; t) between sites l and l + x
where |Ψ(t) is the time-evolving state of the DQP model. We are also interested in computing the total one-body correlations
which contain the contributions from all spin flavors. Central to our approach is exploiting the separation of spin and charge degrees of freedom at infinite onsite repulsion. In particular, we use a compact representation of charge degrees of freedom as spinless fermions and spin degrees of freedom as nonlocal string of operators (projectors) expressed in terms of spinless fermions. Formal steps demonstrating the existence of such representations were reported in Ref. [135] . Here we use an explicit representation of the spin and charge decomposition for states that exhibit a generalized Neel order [see Eq.
(3)]. This representation was introduced in Ref. [63] and allows one to efficiently calculate spin-resolved onebody correlations numerically.
Our approach is not based on the Bethe ansatz solution of the infinitely repulsive Fermi-Hubbard model [26, [136] [137] [138] [139] [140] [141] [142] . It has analogies with the Jordan-Wigner transformation used to map spin-1/2 systems onto spinless fermions. Since the pioneering work by Lieb, Schultz, and Mattis [65] , the Jordan-Wigner transformation has been used as a standard tool to study quantum magnetism. Moreover, it allows for an efficient numerical implementation using properties of Slater determinants that has been used to study quantum quenches in 1D hard-core boson systems [15, 23, 70, 71, 87, 106, 111, 112, 143] .
Using a compact representation of the spin-charge decomposition of states with a generalized Neel order [63] , we rewrite Eq. (4) as
Here |Ψ SF (t) is the wavefunction that describes the charges (spinless fermions) at time t, while the timeindependent projection operatorP (σ)
l,x properly accounts for the spins. The Hamiltonian that governs the dynamics of the charge degrees of freedom |Ψ SF (t) is the spinless fermion Hamiltonian
whereĉ † l (ĉ l ) is the spinless fermion creation (annihilation) operator at site l.
The spin projection operatorP
l,x is in general a nonlocal multi-body operator [63] . It is constructed as the product of two operatorŝ
The role of the operatorM l,x is to prevent exchange of fermions. It is defined aŝ
and guarantees that all lattice sites from l + 1 through l+x−1 are empty. The role ofR (σ) l is to target spin flavor σ at site l. For spin configurations that have generalized Neel order, Eq.
This operator counts the number of fermions from sites 1 through l, and ensures that it is consistent with a fermion with spin flavor σ occupying site l.
For the total one-body correlations C l (x; t), the spin projection operators can be further simplified. In analogy to equilibrium calculations [63] , we get
C l (x; t) is hence independent of the number of spin flavors N . Equation (11) is valid for any spin orderings σ that fulfills Eq. (2).
C. Implementation for quantum quenches
To evaluate Eq. (6) we follow the approach used for hard-core bosons in Refs. [70, 71] . We first note that, given an initial state whose charge degrees of freedom can be written as a Slater determinant
where A mj are matrix elements of an L × N p matrix A, the charge degrees of freedom of the time evolving state can be written as
where G mj (t) are the matrix elements of an L×N p matrix
Here, E SF is a diagonal matrix that satisfies H SF U = UE SF , and H SF is the singleparticle matrix representation ofĤ SF . A crucial next step is to evaluateP
l,x |Ψ SF (t) . As in Ref. [63] , the spin projection operator defined in Eqs. (8)-(10) acting on |Ψ SF (t) yields a linear combination of Slater determinants,
are matrix elements of a L × N p matrix G k (t). The next to last step to evaluate Eq. (6) is to act with the spinless fermion annihilation and creation operators onP
l,x |Ψ SF (t) result in adding an extra column to the matrices representing the Slater determinants involved, yielding
Finally, computing the inner product of the resulting Slater determinants, one obtains
Note that Eq. (15) is the equivalent of Eq. (19) in Ref. [63] for time-evolving states after quantum quenches. We are particularly interested in the total one-body correlation function C l (x; t) defined in Eq. (5) . It was shown in Ref. [63] that C l (x) in equilibrium exhibits weak finite size effects and allows one to learn about universal properties of DQPs that are independent of the specific spin configuration σ. C l (x; t) can be computed as
where the matrix elements of G k=0 (t) are given by G k mj (t) in Eq. (14) for k = 0. Before moving on to applications, we comment on a subtlety regarding correlations that are summed over all spin flavors. The total site occupations n(l; t) = C l (0; t) are identical to those of the noninteracting spinless fermions onto which we map the impenetrable SU(N ) fermions. On the other hand, for x > 1, the total onebody correlations C l (x; t) are in general different from those of the spinless fermions. In fact, in Ref. [63] it was shown that C l (x) exhibits a Gaussian decay in the ground state of the DQP model, while it exhibits a power-law decay in the ground state of spinless fermions.
III. DYNAMICAL EMERGENCE OF GAUSSIAN ONE-BODY CORRELATIONS
As a first application of the approach introduced in the previous section, we study the expansion of (generalized) Neel domain walls. The initial state |Ψ I for the Fermi-Hubbard model (N = 2) is shown in Fig. 1(a) . It is a product state with particles occupying the N p leftmost lattice sites,
and the spin flavors exhibit the generalized Need order defined in Eq.
(3). A computational implementation of Eqs. (15) and (16) allows us to straightforwardly solve systems with of the order of L ∼ 10 3 sites. We set L = 2N p in our numerical calculations and only consider times at which particles moving to the right (or holes moving to the left) have not yet reached the lattice boundaries. Namely, times t < N p /v max , where v max = 2 is the maximal group velocity in the lattice. As N p → ∞ our setup is equivalent to the expansion of a semi-infinite domain wall in an infinite lattice. Such an expansion gives rise to a current-carrying steady state. In lattice Hamiltonians without internal degrees of freedom, properties of the current carrying states emerging from an initial domain wall, as defined in Eq. (17), have been studied for spinless fermions [66] , hard-core bosons [70] , and for the anisotropic Heisenberg model [72] .
Figures 2(a) and 2(b) show n σ (l; t = 0) in the initial generalized Neel domain wall for SU(2) and SU(4) systems, respectively, with 24 fermions. Figures 2(c)-2(f) show the corresponding n σ (l; t) at time t = 8. The latter make apparent an interesting feature of the domain wall melting in our setup. At short times, the spin-resolved
l |Ψ(t) resolve individual quantum particles quite well. The "resolution" increases with increasing N , as made apparent by comparing N = 2 and N = 4. Figures 2(c)-2(f) also show the total site occupations n(l; t) = N σ=1 n σ (l; t) = C l (0; t) (dashed lines), which are identical to those of the corresponding spinless fermions.
As shown in an exact calculation [66] , as well as using hydrodynamic arguments [73] , n(l; t) during the domain wall melting obeys the scaling form
when both l, t → ∞, while their ratio is kept fixed within the region −1 ≤ (l − l 0 )/(2t) ≤ 1. Here l 0 de- notes the initial domain wall edge. Unless stated otherwise, in this section we set l 0 = N p . Outside the scaling region, site occupations simply equal n(l; t) = 1 (to the left) and n(l; t) = 0 (to the right). The thin solid lines in Figs. 2(c)-2(f) show n(l; t) ∞ . They fit very well the numerical results in finite systems. We identify the current-carrying steady state as that in the scaling regime, namely, as that in which local properties only depend on the ratio (l − l 0 )/t. Figures 2(g) and 2(h) show the integrated number of particles of a given spin flavor σ that have crossed l 0 (l 0 = N p + 1/2 in Fig. 2 ) at time t, defined as Q σ (t) = l>l0 n σ (l; t). Q σ (t) exhibits clear plateaus at integer values (better seen for N = 4). Those values increase by one each time that a particle from the domain wall (with a given σ) crosses the initial edge. In contrast, a steady linear growth is seen for spinless fermions [defined as σ Q σ (t), shown as dashed lines in Figs. 2(g) and 2(h)] reflecting the ballistic nature of the charge current in the system.
A. Emergent eigenstate solution
One of the most remarkable features of the currentcarrying states generated by the melting of domain walls such as the ones in Fig. 2 , observed in studies involving spinless fermions [66, 74] , hard-core bosons [70, 71] , Bose-Hubbard [107] and Fermi-Hubbard [49] models, and Bose gases [144] , is the dynamical emergence of onebody correlations with ground-state-like behavior. We explore one-body correlations in our time-evolving states to see whether they exhibit a Gaussian decay like the one observed in the ground state of impenetrable SU(N ) fermions constrained to the same spin configurations [63] .
A theoretical framework that provides an understanding of the dynamical emergence of ground-state-like correlations during expansion dynamics was put forward in Ref. [87] . It was dubbed emergent eigenstate solution to quantum dynamics as it allows one to construct a local operator (called the emergent Hamiltonian) of which the time-evolving state is an eigenstate. For the initial domain wall of spinless fermions, the emergent local Hamiltonian is (up to a constant)
wheren l =ĉ † lĉ l is the particle number operator at site l [87] . Note that the expansion time t is a parameter inĤ SF (t). The time evolving state is the ground state ofĤ SF (t) (up to corrections that vanish exponentially with system size) as long as particles (holes) do not reach the lattice boundary, i.e., as long as n(1; t) = 1 and n(L; t) = 0 [87] . Hence, in our setup, the ground state ofĤ SF (t) in Eq. (19) , denoted by |Φ SF (t) , provides an accurate (exact in the limit N p → ∞) description of the time evolving state for the charge degrees of freedom of the impenetrable SU(N ) fermions |Ψ SF (t) . We then calculate one-body correlations C σ l (x; t) via |Φ SF (t) using the spin projectors introduced in Sec. II B.
While in previous applications of the emergent eigenstate solution |Φ SF (t) was evaluated exactly numerically [87, 112, 145] , here we use the local density approximation (LDA) in the scaling regime to simplifyĤ SF (t). This approach is similar to the generalized hydrodynamic approach [84, 146] , in which a GGE is constructed for each rescaled position of the current-carrying state. We introduce, for t > 0, an effective local chemical potential at the (continuous) rescaled position s = (l − l 0 )/t
where µ 0 is the global chemical potential. For each s, the system is homogeneous with an effective chemical potential µ(s), We test the emergent eigenstate solution plus LDA by analytically calculating the site occupations n(l; t) for spinless fermions. They follow n(s) = arccos[−µ(s)/2]/π when −2 < µ(s) < 2, and n(s) = 0 [n(s) = 1] for µ(s) ≤ −2 [µ(s) ≥ 2]. We fix µ 0 using the total particle number, N p = n(s)ds, which yields the final expression for site occupations
when −1 ≤ s/2 ≤ 1. This is the result in Eq. (18) .
B. Total one-body correlations
Next we study the off-diagonal one-body correlations in the current-carrying state. They are exactly zero in the initial product state [Eq. (17) ], and become nonzero as a result of the expansion dynamics. To minimize finite-size effects, we study the total correlations C l (x; t) defined in Eq. (16) . As an example, Fig. 3 shows the absolute value of all matrix elements of the entire correlation matrix C l,j = |C l (j −l; t)| at times t = 20 and t = 50, in a system with N p = 200. Those results reveal a very fast decay of the one-body correlations with the distance x = j − l, in stark contrast with the power-law decay observed for spinless fermions (see, e.g., Fig. 2 in Ref. [87] ). Figure 4 shows one-body correlations vs x measured with respect to sites with a given particle occupation n(l; t) = n 0 , for a system larger than the one in Fig. 3 . We address three main questions about the current-carrying steady state: (i) Does |C l (x; t)| exhibit a Gaussian decay with x for different values of l and t? (ii) Do off-diagonal one-body correlations obey the scaling solution 17)]. We set the target particle occupation n(l; t) = n0 and use Eq. (18) to find the optimal l at a given time t. (a) n0 = 0.5, which corresponds to l = 1200 for all times. (b) n0 = 0.2, which corresponds to l = 1281, 1443, 1685, 1928, 2171 at times t = 50, 150, 300, 450, 600, respectively. Dashed lines are results for C l (x) in the ground state of the emergent local HamiltonianĤ LDA SF (s) [see Eq. (21)]. For the latter calculations, we set the particle filling Np/L = 0.5 in (a) and Np/L = 0.2 in (b), and measure correlations from the center of the lattice (l = L/2, L = 2400).
(iii) Do the exact numerical results for |C l (x; t)| match the predictions from the emergent eigenstate solution plus LDA? Figure 4 (a) shows one-body correlations with respect to a site with n 0 = 0.5 at different times [see legends in Fig. 4(b) ]. It is apparent that one-body correlations exhibit a Gaussian decay that is independent of time. They only depend on the filling of the reference site, equivalently, |C l (x; t)| = |C s (x)|. The same conclusion applies, at long times, to the results for n 0 = 0.2 shown in Fig. 4(b) . They converge to a Gaussian decay that is independent of time, i.e., |C l (x; t)| = |C s (x)| at long times. The onset of the scaling behavior for the off-diagonal onebody correlations occurs at later times as the reference site occupation departs from half filling.
In Figs. 4(a) and 4(b), we show (as dashed lines) numerical results for one-body correlations in the ground state of the emergent local Hamiltonian [Eq. (21)] at the target particle filling. Those correlations are in excellent agreement with the ones in the current-carrying state at long times. We should add that the absolute value of the one-body correlations in the ground state of the emergent local Hamiltonian are identical to the ground-state correlations in the physical Hamiltonian that governs the dynamics, Eq. (1) [87] . The latter is known to exhibit one-body correlations with a Gaussian decay
where x 0 ∝ n(s) −1 [63] .
C. Quasimomentum distribution function
To conclude the study of the current-carrying state, we calculate the total quasimomentum distribution function
which is routinely measured in experiments with ultracold quantum gases [147] . Figure 5 (a) shows m(k; t) at different times for a system with N p = 400 particles. In the initial product state, in which fermions are localized, all quasimomenta are equally occupied, i.e., m(k; 0) =m = N p /L = 0.5. Two main features are apparent in the dynamics: a peak emerges at k = π/2, and the height of the peak increases with time. Figure 5 (a) also makes apparent that the results obtained for m(k; t) during the exact time evolution are indistinguishable from those obtained in the ground state of the emergent local HamiltonianĤ SF (t) [Eq. (19) ].
The emergence of the peak at k = π/2 can be understood from the phase i = exp(iπ/2) in the hopping term ofĤ SF (t). As a result, the minimum of the energy dispersion of the kinetic part ofĤ SF (t) is located at k = π/2. For 1D hard-core bosons, which can also be mapped onto spinless fermions, the dynamical emergence of the peak at k = π/2 [70] has been experimentally observed in experiments with bosons in 1D optical lattices [23] .
For the current-carrying state of spinless fermions, it was shown analytically that the evolution of the quasimomenta occupations relative to the initial occupations m(k; t) −m is linearly proportional to time t [87] . In Fig. 5(b) , we plot the rescaled quasimomentum distribution [m(k; t) − N p /L]/t for the impenetrable SU(N ) fermions. We observe a perfect data collapse, confirming the expectation from Fig. 5(a) that the height of the peak increases linearly with time.
IV. UNVEILING THE RAPIDITY DISTRIBUTION
As a second application of the approach introduced in Sec. II, we study the expansion of harmonically trapped impenetrable SU(N ) fermions in a lattice after suddenly turning off the trap. We take the initial state to be the ground state of the infinitely repulsive (generalized) Fermi-Hubbard model [Eq. (1)] in the presence of a harmonic confining potential
where l 0 = L/2 is the trap center, and R is the characteristic length of the trap. Since the observables studied in this section are summed over all spin flavors, our results apply equally to the two-component Fermi-Hubbard model (N = 2) as they do to arbitrary N -flavor SU(N ) models, for initial states in which every pair of consecutive fermions carries distinct spin flavors [Eq.
(2)]. The corresponding spinless fermion Hamiltonian, to which we map the impenetrable SU(N ) fermions, has the form
At time t = 0, the harmonic confinement is turned off (we set R −1 → 0) and the system evolves underĤ N . We are interested in dynamics that occurs before particles reach the boundaries of the lattice [n(1; t) = n(L; t) = 0], which are equivalent to dynamics in an infinite lattice. Figure 6(b) shows that, after some transient time and despite the fact that n(l; t) expands at all times, m(k; t) becomes independent of time. [In this section, we normalize m(k; t) using the characteristic length of the initial trap, m(k; t) = l,x e −ikx C l (x; t)/R.]
A. Dynamical emergence of rapidities
Our main focus next is to understand the stationary quasimomentum distribution function observed at long times. In various 1D bosonic systems including lattice hard-core bosons [106, 112] , as well as Tonks-Girardeau [148] and Lieb-Liniger gases [149] [150] [151] [152] [153] , it has been shown that during expansion dynamics the quasimomentum distribution function of the bosons undergoes a dynamical fermionization. For lattice hard-core bosons [106, 112] and Tonks-Girardeau gases [148] , this fermionization is nothing but a transformation of the quasimomentum distribution function of the physical particles (impenetrable bosons) into the quasimomentum (rapidity) distribution of the underlying noninteracting fermions into which the former can be mapped. This transformation of quasimomentum distribution functions of physical particles into rapidity distributions under expansion dynamics is expected to be a generic phenomenon in integrable models [53, 58, 105, 152] . Figure 7 (a) shows m(k; t) in the initial state and at time t = 375, a time at which m(k; t) has already become stationary. We consider N p = 100 particles and an initial trap with R = 200. Remarkably, the stationary result obtained for m(k; t) is identical to the quasimomentum distribution function m SF (k) of the spinless fermions to which we mapped the impenetrable SU(N ) fermions. m SF (k) does not evolve in time because the quasimomenta occupations of the spinless fermions are conserved under expansion dynamics. m SF (k) is the distribution of rapidities in our model, and our results show that it can be unveiled by allowing the impenetrable SU(N ) fermions freely expand up to about two to three times their initial size. , on the other hand, shows that despite the agreement between the quasimomentum distribution of impenetrable SU(N ) fermions and the quasimomentum distribution function of spinless fermions, at long times, the off-diagonal one-body correlations of both systems are not the same (this also occurs for lattice hard-core bosons [106, 112] and Tonks-Girardeau gases [148] ). The absolute value of the one-body correlations exhibits a Gaussian decay for impenetrable SU(N ) fermions at all times and a power-law decay for spinless fermions. Figure 7 (b) also shows the one-body correlations of the impenetrable SU(N ) fermions at t = 0. They exhibit a Gaussian decay as the ground state of homogeneous systems [63] . The fact that in Fig. 7(b) the decay of correlations has the same behavior in the ground state and during the expansion indicates that the time-evolving states share properties with the initial ground state.
B. Emergent eigenstate solution
Like for the initial states considered in Sec. III, one can find an emergent eigenstate solution for the expansion of spinless fermions after turning off a harmonic trap [112] . The emergent local Hamiltonian for the corresponding spinless fermion system [112, 145] is (up to a constant)
where A(l; t) = 1 + [(2t/R 2 )(l − l 0 + 1/2)] 2 is the nearest neighbor hopping amplitude, and the phase is We take L = 2400 and measure correlations from the center of the system (at l = 1200). The results from the exact time evolution are shown as symbols, and the results in the ground state ofĤ LDA SF (t) [using A(l; t) = 1 and φ(l; t) = 0, see Eq. (28)] are shown as straight lines. The chemical potential inĤ LDA SF (t) is set to match the particle filling n(l; t) at any given time.
In Fig. 7 (b) we show (as thin solid lines) the correlations |C l (x; t)| obtained in the ground state ofĤ SF (t), which perfectly overlap with the exact results from the nonequilibrium time evolution. Moreover, one can also combine the LDA with the emergent eigenstate solution, as in Sec. III, to describe the one-body correlations |C l (x; t)| in the nonequilibrium steady state in terms of those in a homogeneous system.
The appropriate homogeneous Hamiltonian can be obtained fromĤ SF (t) replacing the harmonic trap by an effective local chemical potential, and making the amplitude A(l; t) and the phase φ(l; t) site independent
In Fig. 8 we compare |C l (x; t)| calculated during the exact time evolution (symbols) with the results in the ground state ofĤ LDA SF (t) in Eq. (28), when the particle occupation matches the target site occupation n(l; t) (lines). We show result for correlations measured from the trap center (l = l 0 = L/2), for which A(l; t) ≈ 1 and φ(l; t) ≈ 0, for systems with N p = 100 impenetrable SU(N ) fermions and an initial R = 100. The results shown in Fig. 8 from both approaches yield a perfect agreement, and follow the functional form in Eq. (24).
V. EQUILIBRATION AND GENERALIZED THERMALIZATION
As a third, and final, application of the approach introduced in Sec. II, we study the equilibration of impenetrable SU(N ) fermions in a finite lattice with open boundary conditions (equivalent to a box trap with infinitely high walls) after suddenly turning off a harmonic trap in which the impenetrable SU(N ) fermions are initially confined. The setup is the same as in Sec. IV, except for the fact that we now allow the particles to reach the boundaries of the lattice and equilibrate by moving back and forth in a finite system. The stationary quasimomentum distribution function in this case is not the rapidity distribution. Also, after particles reach the lattice boundaries, the emergent eigenstate solution is no longer valid [87] . Figure 9 (a) shows the dynamics of the total site occupations n(l; t). At long times, as expected, n(l; t) equilibrates and becomes (nearly) homogeneous, n(l; t) → N p /L. In the light of the findings in Sec. IV, the dynamics of the total quasimomentum distribution function m(k; t), shown in Fig. 9(b) , is more remarkable. After approaching the rapidity distribution during the expansion, when the propagating fronts reach the lattice boundaries for the first time, m(k; t) begins to change and a revival occurs in the occupation of low quasimomentum modes. Ultimately, after some oscillations with decreasing amplitude, m(k; t) equilibrates to a new distribution, which is different from that of the spinless fermions to which the impenetrable SU(N ) fermions are mapped.
In Fig. 10(a) , we show the evolution of the total occupation of three quasimomentum modes (k = 0, π/5, and π/3), as functions of time renormalized by the size of the final lattice L, for three values of L. We select N p and R for the initial harmonic trap such that N p /L and N p /R are the same in all cases. Figure 10 (a) shows that, as expected, the time scale for the oscillations in m(k; t) is set by L (notice the data collapse for different values of L). Figure 10 (a) also makes apparent that, for t/L 3, the total occupations of the modes shown, and m(k; t) in general, are nearly time independent, i.e., they have equilibrated.
In Fig. 10(b) , we show the initial total quasimomentum distribution function, the long-time equilibrated m(k; t), and the quasimomentum distribution of the spinless fermions to which we map the impenetrable SU(N ) fermions. They can all be seen to be different, with m(k = 0; t = 0) being greater than the total occupation of the zero quasimomentum mode after equilibration, which in turn is greater than the occupation of the zero quasimomentum mode for spinless fermions.
In order to describe m(k; t) after equilibration, we construct the Generalized Gibbs ensemble (GGE) [10, 15] , whose density matrix is defined aŝ
where {Î k } are the conserved quantities [the occupations of the single-particle eigenstates of the noninteracting spinless fermions to which we map the impenetrable SU(N ) fermions, see Eq. (7) [10, 15] . Computing total one-body correlation functions of impenetrable SU(N ) fermions in the GGE is straightforward given the grand canonical ensemble (GE) approach introduced in Ref. [63] . The off-diagonal part of the total one-body correlations in the GGE is given by
where I is the identity matrix, A is a matrix with elements A ij = δ il δ j(l+x) , Λ is a diagonal matrix whose elements are the Lagrange multipliers λ k , and M l,x is the matrix form of the projection operatorM l,x [see Eq. (9)], which is a diagonal matrix in which the elements between l + 1 and l + x − 1 are zero and the other ones are one. Moreover, U is the unitary matrix that diagonalizesĤ SF in Eq. (7), where UH SF U † = E (here E is a diagonal matrix with the single-particle eigenenergies). The diagonal part of the total one-body correlations in the GGE is given by
and is identical to that of the spinless fermions. The results in Fig. 10(a) show that the total occupation of the quasimomentum modes of the impenetrable SU(N ) fermions equilibrate at the values predicted by the GGE. In Fig. 10(b) , the results for m(k; t) after a long equilibration time are indistinguishable from those of the GGE, and they are both clearly different from the prediction of the grand canonical ensemble [63] , in which the temperature and the chemical potential are set by the energy and the number of particles in the system [3]. This makes apparent that these systems do not thermalize to the traditional statistical mechanics prediction.
In order to understand how the differences between the GGE and the exact dynamics predictions behave as one increases the system size, we compute the following time average of the differences between m(k; t) after equilibration and the GGE prediction Results for ∆m vs L are reported in the inset in Fig. 10(b) . They show that ∆m ∝ L −1 , consistent with findings in studies of 1D hard-core bosons [154, 155] . These results suggest that observables after long times and the GGE predictions become identical in the thermodynamic limit (L → ∞, with N p /L and N p /R fixed). Finally, we discuss the long-time behavior of the total one-body correlations for the largest system size considered in Fig. 10 (L = 1500) . For every x, we define the time average
Results for C l (x) are shown in Fig. 11 for l = L/2. They reveal that during the equilibration process the Gaussian decaying correlations present in the initial state evolve toward a slower, exponential-like, decay at large x. Those correlations are well described by the GGE, and are very different from the stretched exponential decay predicted by the grand canonical ensemble [63] .
VI. SUMMARY
We introduced an exact approach to study the time evolution of spin-resolved one-body observables after quantum quenches in the (generalized) SU(N ) Fermi-Hubbard model at infinite repulsion. This approach works for initial states that exhibit generalized Neel order, namely, in which there is a periodic N -spin pattern with consecutive fermions carrying distinct spin flavors. Our approach is based on a compact representation of charge degrees of freedom as spinless fermions and spin degrees of freedom as nonlocal string of operators (projectors) expressed in terms of spinless fermions. This approach can be used to benchmark numerical and analytical studies of quantum quenches involving (generalized) Neel order in the (generalized) Fermi-Hubbard model in the limit of very strong repulsive interactions.
We used the newly introduced approach to study three quantum effects that occur during expansion dynamics far from equilibrium, and that are within reach in current optical-lattice experimental setups. The first one involves the melting of generalized Neel domain walls, in which we unveiled a dynamical emergence of Gaussian (groundstate like [63] ) correlations in the resulting currentcarrying steady state. We explained this phenomenon using an emergent eigenstate solution to quantum dynamics [87] . We then studied the sudden expansion of harmonically trapped impenetrable SU(N ) fermions into an empty lattice after turning off the trap. We showed that the total quasimomentum distribution function of the impenetrable SU(N ) fermions evolves towards the quasimomentum distribution function of the spinless fermions onto which we map the former, namely, as seen in other integrable systems [53, 58, 105, 106, 112, [148] [149] [150] [151] [152] [153] , the quasimomentum distribution function of the real particles transforms into the rapidity distribution at long expansion times. Finally, we studied the equilibration of impenetrable SU(N ) fermions in a box trap, after turning off a harmonic trap, and constructed the GGE that describes the expectation values of one-body observables (such as the quasimomentum distribution function) after equilibration.
VII. ACKNOWLEDGMENTS
We acknowledge discussions with B. Bertini and W. de Roeck. Y.Z. and M.R. acknowledge support from NSF Grant No. PHY-1707482. L.V. acknowledges support from the Slovenian Research Agency (ARRS), research core funding No. P1-0044.
